Retinal diseases such as Age-Related Macular Degeneration (ARMD) affect nearly one in three elderly patients. ARMD damages the central vision photoreceptors in the fovea. The Photostress Test is a simple technique for testing for the early effects of ARMD. Here, the illumination sources in a novel self-administered Photostress Testing device were modeled for safety and distribution in illumination software. After satisfying the design constraints in the model, a prototype of the illumination system was fabricated and tested to confirm the modeling results. The resultant prototype can be used to aid in the diagnosis of retinal disease and is well within retinal safety levels.
Introduction
Age-Related Macular Degeneration (ARMD) is a progressive disease where the photoreceptors of the retina are damaged, creating a localized blind spot in the field of vision. The disease typically affects the photoreceptors in the fovea, while leaving peripheral vision unaffected. Consequently people with ARMD tend to be able to navigate just fine, but have difficulty with tasks such as reading, watching television and identifying faces due to a central blind spot. Early diagnosis and treatment
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may help slow the progression of the disease. The Photostress Test is a simple means for screening for ARMD [1, 2] . In the test, a bright spot of light is shone on the fovea to bleach the photoreceptors, effectively creating the spots people "see" following flash photography. In healthy retinas, the after image spots resolve fairly quickly, while in patients with early stage ARMD, the spots take much longer to disappear. We are developing a Photostress Testing device that can be self-administered. The Photostress Testing device was modeled and analyzed in FRED Optical Engineering Software (Photon Engineering, Tucson, AZ, USA). The purpose of the Photostress Testing device is to test the recovery time of a person's eye from being bleached by a central light source. The design calls for the patient to hold the device up to their eye and look through the center of a ring. This aligns the optical axis of the device with the visual axis of their eye. The person then presses a button that introduces a bright flash of light onto a small part of the retina called the fovea. This temporarily bleaches their retina so that their vision is impaired. The button, once pushed, triggers the light source to begin blinking at a much lower illuminance. Once the viewer sees this light, they re-push the button to stop the timer. The time elapsed from the initial bleach of their eye to the recovery of vision is called their recovery time. This time is compared to a standard value of recovery times that will be determined by test trials of many subjects using the device. If the viewer's recovery time is within a standard deviation of the accepted value, their fovea (the center of the retina) is healthy. However, if the recovery time is outside a standard deviation of the typical recovery time, the patient is diagnosed with diseases of the macula such as genetic disease affecting the macula, e.g., Retinitis Pigmentosa, Best disease, etc., Stargaurdt's disease, Diabetic Macular Edema (DME), Central Serous chorioretinopathy (CSCR) and Age-Related Macular Degeneration (ARMD): a degradation of the macula that causes a person to lose their central vision. The test also distinguishes optic neuropathy form macular diseases. Components of the Photostress Testing device are detailed in Section 2.1, a model of the in optical illumination software is shown in Section 2.2, analysis from that software shown in Section 3.1, a comparison between the software analysis and experimental results is made in Section 3.2, and a conclusion is made in Section 4.
Experimental Section

Components of the Photostress Testing Device
The Photostress Testing device consists of a target, a Badal Lens, and the eye. The target is the source of the system. It is composed of a center LED surrounded by six picoLEDs TM . The center LED (NSSW064, Nichia) is a 2.8 mm × 3.2 mm LED with a circular emission region that is 2.4 mm × 2.4 mm. The target is placed at the front focal point of a Badal Lens, while the pupil of the eye sits at the rear focal point of the Badal Lens. In this configuration, the target can be axially shifted to compensate for refractive error in the eye, but the target size will remain constant on the retina. The purpose of the center LED is to "bleach," or temporarily blind the viewer by emitting 2000 Lx to 4000 Lx onto their retina [3, 4] . The six picoLEDs TM , (SMLP12WBC7W1, Nichia), are 0.6 mm × 0.6 mm LEDs that emit 11.5 μW of light into the system [5] . Their function is for alignment; the viewer looks at the center of the ring of six picoLEDs TM , and by doing this, aligns the optical axis of the device to their visual axis. All seven sources emit white light. Figure 1 shows the layout of the LEDs. The Badal Lens, (NT49-664, Edmund Optics) is an aspherized achromatic lens with a 25 mm diameter and 40 mm focal length. Its purpose is to collimate the light from the source so that a clear image can form on the retina. For nearsighted and farsighted individuals, the target is moved towards or away from the Badal Lens by plus or minus 8.0 mm. This provides the eye with negative or positive corrective power within a range of plus or minus five diopters. 
Model of Photostress Testing Device in Optical Engineering Software
General Model
The center LED and picoLEDs TM were shown in separate ray traces for each model in order to more clearly show how each was traced through the system. Note that the central LED at the bleaching setting is referred to the bleaching LED; at the blinking setting it is referred to as the blinking LED. Note also that the sources are kept at one position and not translated in the software for the illumination analysis.
Source Model
The sources in Figure 2A ,B are modeled in optical engineering software as detailed optical sources. For the model of the picoLEDs TM (Figure 2a) , rays are shown sitting on a 0.6 mm × 0.6 mm random grid plane that is rectangular. For the model of the bleaching LED (Figure 2b ), rays are sitting on a 2.4 mm × 2.4 mm random grid plane that is circular. Once traced, the rays are set to emit into an angular range of 10 degrees in the X and Y directions from Z, the axis orthogonal to the source grids. This angle was chosen as to view only light that passes through the system. The source powers were set to 7.5 × 10 Lm for the picoLEDs TM , bleaching LED, and blinking LED respectively, i.e., the bleaching LED emits 144 times more power than the blinking LED and 112 times more power than the picoLEDs TM . Their spectrums were digitized into the optical engineering software from the data sheets. Ten million rays were traced from the center LED at each setting and 200,000 rays were traced from each of the six picoLEDs TM . This is more than is required by the Rose model to ensure an accurate ray trace; the Rose model required a minimum of 148,852 rays to be traced from the bleaching LED and 9716 rays to be traced from each of the six picoLEDs TM [6] . 
Lens Model
The lens model is number NT49-664 and was imported from Zemax (Radiant Zemax, Redmond, WA, USA). It is an aspherized achromat oriented for minimum spherical aberration (Figure 2 ). Its function is to collimate light from the source for viewers with perfect visual acuity (20-20 vision).
Arizona Eye Model
The Arizona Eye Model was opened as a sample file in the software. It is composed of a cornea, lens, pupil, and eye ball. The light refracts at the cornea and a little at the gradient index lens. The pupil is the aperture stop of the system and limits how much light enters the eye. It is set to a diameter of 6 mm. At the back of the eye ball is the fovea, which is about the size of the image from the central LED source. The magnification m of the system changed the size of the source after it passed through the Badal Lens and through the eye by m =
where f eye is the focal length of the eye (23 mm) and f Badal Lens is the focal length of the Badal Lens. In order to determine which focal length lens to use, the bleaching LED had to be chosen. Once an LED with the correct illuminance was found, the magnification was found to be m =
where D fovea is the diameter of the fovea (1.5 mm) and D LED width (2.8 mm) with the diameter of the shortest side of the LED. The magnification turned out to be m = 0.54. Using this magnification and the focal length of the eye, the desired focal length of the Badal Lens was calculated to be f Badal Lens = 42.9 mm. The closest lens to that had a focal length of 40 mm and covered an image diameter of 1.6 mm, which is a little larger than the fovea.
Analysis Surface
The analysis surface was placed at the back of the retina, as shown as a green box in Figure 3 . It is a 4 mm × 4 mm grid that collects all of the rays. It has 51 × 51 divisions. The analysis surface shows the source distribution on the retina in Figure 4 . Figure 5b shows the illuminance data scaled by log (base 10) with the floor set to −2.4; the chart color levels were set to gray. The purpose of this was to model the image brightness perceived by the human eye, which is the log of the source's actual brightness [7] . Figure 5c shows the color image of the picoLEDs 
Results and Discussion
Analysis of Photostress Tester in Illumination Software
False Color Illuminance Plot
Perceived Brightness Plot Color Plot Figure 5d shows a false color illuminance plot for the bleaching LED. There were 2.3 × 10 Figure 5e shows the illuminance data scaled by log(base 10) with a floor of −2.4. This models the illuminance perceived by the eye when the LED is at the bleach setting. Figure 5f shows the color plot of the bleaching LED with the brightness set to 2.2. Figure 5g shows a false color illuminance plot for the blinking LED. There were 1.6 × 10 Lm/mm 2 or 9 Lx. This is two orders of magnitude lower than what was detected by the bleaching LED. The diameter of the image is 1.53 mm. Figure 5h shows the illuminance data scaled by log(base 10) with a floor of −2.4. This models the illuminance that the eye perceives when the LED is at blinking setting. Figure 5i shows the color plot of the blinking LED with the brightness set to 2.2.
Comparison of Software Analysis to Experimental Results
Data taken from the illumination analysis was compared with data taken in an experimental set up to test the safety of the device. Specifically, the illuminance of the bleaching LED was tested, as it was the primary safety concern for the device. The spot size was taken as well.
Setup
The experimental set up consisted of the source, Badal Lens, adjustable iris, and eye lens mounted with posts, post holders, translation stages, rail carriers, an optical rail, and an optical bread board (See Figure 6) . The sources were fabricated after the model shown in Figure 1 . The Badal Lens was the same lens modeled in the software (NT49-664, Edmund Optics). The adjustable iris had a diameter of 6 mm. The eye lens was a 12.5 mm diameter × 17.5 mm focal length achromat (NT49-928, Edmund Optics). The focal length of the lens was a close match the eye's effective focal length in air: 17 mm [8] . This accounts for the lens being in air rather than surrounded by two disparate mediums, as it is in the eye. 
Experiment
The bleaching LED was turned on to emit 0.8 lumens of power. A handheld power meter from Edmund Scientific was held up to the focal point at the back of the eye lens and used to test to power there. The size of the image at the focal point was taken with calipers held up to a white imaging screen that captured the image. The area of the image was calculated and used to determine the illuminance at the image plane. The experiment was repeated at the two extremes of the source translation: −8 mm and +8 mm from the front focal length of the lens.
Results
Main Table 1 shows the illuminance values on the retina as 3106 Lx, 2622 Lx, and 2003 Lx. These values are all within the desired safe range of 2000 Lx to 4000 Lx. The illuminance from the software was 1300 Lx, which is lower than the targeted range. The variation is likely due to stray light entering the power meter from the room. The measured spot size at each location matches expected value of 1.5 mm. 
Conclusions
A Photostress Testing device was modeled and analyzed in optical engineering software. The illumination analysis showed that the image of the bleaching LED successfully covered the entire 1.5 mm diameter fovea with a diameter of 1.53 mm. It also showed that 1300 Lx from the bleaching LED hit the retina, which is a safe value since it is under the initial target range of 2000 Lx to 5000 Lx. Experimental data confirmed that the Photostress Testing device produced an image 1.5 mm in diameter from the bleaching LED with illuminance values of 3106.7 Lx, 2622.9 Lx, and 2003.2 Lx at the −8 mm, 0 mm, and +8 mm translation distances of the source from the front focal length of the Badal lens. This showed that the bleaching LED produces illuminance on the retina within the safe illuminance range even when the target is translated. Discrepancies between data from the software and from the experiment are due to experimental error. In the experiment, light from the source did not fill the entire detector, thereby rendering higher values than expected. The apparent discrepancy between the experimental and theoretical prediction appears to be associated with the size limitations of the available detector. One possible improvement of the experimental design could include placing the detector closer to the source, so that its active area is overfilled. This will bring the measured illuminance values closer to those obtained via simulation.
